T he degree of angiographic occlusion as a surrogate marker for clinical success of treatments is commonly used to assess the efficacy of endovascular cerebral aneurysm treatment in clinical trials. Although highly plausible, the link between aneurysm occlusion status and the risk of rerupture is not completely established. 1,2 Surrogate end points must be of high validity, anatomically correct, and closely linked to accepted clinical outcomes. Especially coil artifacts in digital subtraction angiography (DSA) and pulsation artifacts in magnetic resonance angiography (MRA) have to be considered because they might affect the accuracy.
Stroke
June 2015
Data Sources and Study Selection
Studies were identified by searching electronic databases (Ovid MEDLINE and EMBASE, PubMed, and the Cochrane Library) up to June 2014. The full electronic search strategy for all databases is presented in Table I in the online-only Data Supplement. In addition, we handsearched systematic reviews and high-impact journals in the field of interventional neuroradiology (Stroke, American Journal of Neuroradiology, and Neuroradiology).
The reference lists of all retrieved articles were checked for other relevant articles. Duplicates were removed, and the titles and abstracts of the retrieved articles were reviewed for appropriateness to the study question. Case reports, conference abstracts, reviews, editorials, meta-analysis, guidelines, and animal studies were excluded. Only articles in English, German, French, and Spanish were screened.
From the remaining articles, full-text versions were reviewed in detail. Studies were eligible for inclusion if they evaluated the reliability of MRA or DSA of patients with intracranial aneurysms treated with endovascular coil occlusion. Studies were excluded if they provided data that included stent-treated aneurysms without coiling. If the same patient population was the subject of several publications, the most recent version was included. Authors were contacted in case of missing information on κ statistic.
Assessment of Study Quality
Two researchers independently extracted the relevant study characteristics and assessed the risk of bias, as well as the level of interobserver agreement. We developed a data extraction sheet based on the quality appraisal tool for studies of diagnostic reliability 4 and on the Guidelines for Reporting Reliability and Agreement studies, 5 pilottested it on 5 randomly selected included studies, and refined it accordingly. The complete list of quality items is presented in Tables 1  and 2 . In accordance with recent recommendations, we did not use an overall numeric scoring system for study quality and considered each item separately. 32, 33 Quality assessment was performed independently and blinded by 2 researchers with disagreement resolved by discussion and consensus.
Statistical Analysis
Inter-rater agreement estimates, expressed as κ coefficients, were pooled across studies using random-effects meta-analysis. We chose a random-effects model because of clinical and methodological diversity of the included studies that we expected would lead to pronounced statistical heterogeneity. If SEs were not reported, we calculated them from 95% confidence interval (CI) bounds. If both SEs and CIs were unavailable, we imputed the largest observed SE from available studies.
For assessment of heterogeneity Cochran Q test was performed. 34 The I 2 statistic by Higgins and Thompson 35 was used to determine how much of the total variability can be attributed to heterogeneity. In addition to meta-analysis, we examined the effect of the following parameters on the variability of Cohen κ estimates using randomeffects meta-regression: grading scale (2, 3, or 4 levels), number of , time of image analysis (immediate after intervention, follow-up), percentage of aneurysms with complete occlusion in the reference standard, and the type of the κ-statistic (Cohen κ, weighted κ, generalized κ, not reported). To assess possible publication bias, we created a funnel plot by plotting the effect each estimate against its SE and inspected its symmetry visually. In addition, we used the trim-and-fill method to estimate the number of negative (ie, reporting lower κ values) unpublished studies and to provide and adjusted pooled κ estimate. 36 For all analyses, we used the R package metafor.
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Results
Identification and Inclusion of Studies
The electronic literature search provided a total of 1193 articles ( Figure 1 ). No additional reports were identified by hand searching of relevant journals. After adjusting for duplicates 644 articles remained. Among these, 87 articles were selected by abstract review and analyzed in more detail. After evaluation of the full-text versions, 57 articles were excluded because they did not analyze interobserver agreement or did not provide enough information to calculate κ. Three studies were omitted because they included patients treated with stents without coiling. [38] [39] [40] One article was excluded because the data was used in subsequent similar studies. 41 One study was included, despite the use of the same population because in this study they examined interobserver agreement on a unique modality (1.5 T ToF-MRA). 24 Two studies were both included despite overlap in 310 of 311 patients because they reported agreement for 2 different grading scales (3-versus 2-point scale). 21, 26 Two studies were both included despite the use of the same 72 patients because 1 study provided additional agreement data on a new modality timeresolved imaging of contrast kinetics. 27, 28 Twenty-six studies met our inclusion criteria providing a total of 77 reliability estimates and were included in our analysis. No new articles were found by screening their references. Ten of 15 authors who were contacted to gather missing information responded and provided that information. Visual investigation of the funnel plot ( Figure 2 ) showed no evidence of publication bias. However, the trim-and-fill method suggested that 17 studies reporting κ values between 0.10 and 0.40 may be missing because of publication bias. 
Methodological Characteristics of the Included Studies
The results of our quality analysis are represented in Tables 1  and 2 . Eleven of 26 publications fulfilled ≥10 of the study quality criteria. In 3 studies, the evaluated sample was judged to be of limited representativeness, as 1 study included only aneurysms of the Anterior Communicating Artery; 6 in 1 study, 71% of aneurysms originated from the Anterior Communicating Artery, 8 and 1 study 14 did not observe middle cerebral artery aneurysms. About the quality of image analysis and risk for bias, 2 studies pointed out that they did not provide any specific training to the readers 29, 30 ; the other studies did not comment on this point. Twenty-two studies explicitly stated that raters were blinded to the findings of other raters. Seven studies additionally analyzed intraobserver agreement, and raters were blinded to their own previous findings. 8, 10, 17, [27] [28] [29] 42 Only 8 studies mentioned that the readers were blinded to all patient information other than the images to be read. 10, 12, 14, [23] [24] [25] 29, 31 A single study pointed out that readers had not participated in the treatment of any of the aneurysms included in the study. 10 In 2 studies, the occlusion status was determined on both CEand TOF-MRA together, and there was no separate analysis of interobserver agreement. 21, 26 Only 9 studies pointed out that different imaging modalities were rated independently in a random order. 6, 12, 14, 18, 19, [23] [24] [25] 31 Only 2 studies evaluated the artifacts produced by coils and the visibility of the coils using a 2-grade scale. 24, 25 SEs had to be imputed for a total of 8 κ estimates from 4 studies. 6, 11, 17, 20 
Clinical Characteristics of the Included Studies
Imaging Methods
Nine studies evaluated interobserver agreement with 1.5 T 3D ToF-MRA, 8 studies with 3T 3D ToF-MRA, 8 studies with 1.5T CE-MRA, 3 studies with 3T CE-MRA, 4 with 3D-DSA, and 9 with multiple planar views from DSA.
Time Points
Four studies analyzed the agreement on angiograms obtained immediately after endovascular therapy, 10, 11, 29, 30 whereas 25 studies used follow-up angiograms obtained several months after endovascular therapy (median, 9 months; mean, 9 months; range, 3-54 months).
Grading Scales and Agreement
We encountered 21 different rating scales that have been developed to assess the degree of aneurysm occlusion after coil embolization or change in completeness of aneurysm occlusion on follow-up imaging. Overall, 3 studies applied a 4-grade scale, 21 studies a 3-grade scale, and 10 studies a 2-grade scale. Among the studies using a 4-grade scale, 1 study assigned 1 of 4 following categories: complete, small residual neck, large residual neck, and not assessable. 6 In 2 studies, aneurysms were classified according to Raymond et al 10, 19, 43 (complete obliteration, dog ear, residual neck, and residual aneurysm).
Sixteen studies used a 3-grade scale according to Roy et al 44 (complete obliteration, residual neck, and residual aneurysm).
In the other 7 studies using a 3-grade scale, the assessments varied between complete, near-complete, and incomplete or complete, residual aneurysm, and not assessable. In 3 studies, the raters had to decide on change by comparing the initial angiogram to the follow-up angiogram using a 3-value grading scale (better, same, and worse or no recurrence, minor recurrence, and major recurrence) 10, 19, 29 or a 2-grade scale (better and worse or major recurrence and no major recurrence). 10, 29 In 2 studies, the raters had to decide on retreatment using a 2-value grading scale. 26, 27 With regard to statistical analysis of agreement, the methodology was rarely provided. In total, 77 analyzable κ values were reported. Four studies did not report the CI. 6, 11, 17, 20 For these studies, SEs had to be imputed.
Meta-Analysis
The pooled average inter-rater reliability (κ) was 0.65 (95% CI, 0.60-0.69; Figure I in the online-only Data Supplement). We identified marked heterogeneity across studies (Q=1905.96; df=76; P<0.0001; I 2 =95.8%) with a between-study SD (τ) of 0.19. After adjustment because of possible publication bias using the trim-and-fill method, the average κ estimate was 0.58 (95% CI, 0.53-0.63; Q=3581.95; df=93; P<0.00001; I 2 =97.00%; τ=0.22). The results obtained from the bivariate moderator models are summarized in Table II in the onlineonly Data Supplement. The most important and significant effect on κ was from the percentage of completely occluded aneurysms in the study population (an increase of 0.52 [0.28-0.76] from 0% to 100% occlusion; P<0.001).
In multivariate analyses, no substantial intercorrelation was found between the examined possible moderators. The final model is described numerically in Table III in the onlineonly Data Supplement. Almost all of the parameters proved to be significantly associated with inter-rater reliability in a complex manner, including nonlinear and interaction effects. 
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Studies with a high rate of completely occluded aneurysms tended to report more reliable ratings on DSA ( Figure 3 ). In predictions for studies using 2 raters and calculating standard κ, inter-rater agreement was found to be substantial in studies evaluating ToF-MRA with a 2-or 3-grade scale regardless of the proportion of completely occluded aneurysms. Studies using ToF-MRA and a 4-grade scale reached substantial interrater agreement only if <40% of the aneurysms were judged to be completely occluded. Studies using DSA or CE-MRA with a 2-or 3-grade scale both reached a κ value >0.6 if >45% of the aneurysms were considered to be completely occluded. Studies using DSA or CE-MRA with a 4-grade scale reached a κ>0.6 if the proportion of completely occluded aneurysms was in the range of 30% to 80%. In sensitivity analyses using unweighted models, the findings were consistent with those from the primary analyses.
Discussion
The primary finding of this systematic review is the large clinical and methodological heterogeneity within the literature, limiting our ability to draw any firm conclusions on the diagnostic reliability of visual aneurysm assessment after coiling. Most studies did not report the results of the individual ratings or the methodology used to calculate κ values, and some studies did not report the CI. Nevertheless, within these limitations, our meta-analysis suggests that the overall average diagnostic reliability is substantial (κ= 0.65). Caution is necessary when interpreting this result, given the substantial unexplained variation across studies. Clearly, more formal research is needed in this area. Only 4 studies were conducted with the primary focus on reliability and agreement estimation. 10, 20, 29, 30 For the majority of studies, the primary aim was to analyze diagnostic accuracy, and interobserver agreement and reliability were reported as secondary quality measures. Moreover, uniform reporting standards must be adopted to facilitate comparisons between studies and for future meta-analysis. 5 Several factors are associated with interobserver agreement, which makes interpretation and synthesis of the results challenging but might help in designing future studies. The key finding in our study is the different influence of aneurysm occlusion on the reliability of ratings dependent on imaging modality.
Scales
Within our review, we encountered 21 different rating scales that have been developed to assess the degree of aneurysm occlusion after embolization and change in completeness of aneurysm occlusion on follow-up imaging. The majority of studies used the 3-grade Roy-scale or variations of this rating scale. In 4 studies, the definition of the categories was rather broad. Thus, the definition of major recurrence as sack filling large enough to accept coils 26, 29 or the distinction of slight residual flow versus residual flow 31 or small neck remnant versus incomplete aneurysm occlusion 18 is only vague and left to personal choice. Moreover, the appropriateness of the dog ear category of the Raymond scale is questionable as it is derived from a description of Charles Drake with clipping of basilar tip aneurysms. 45 There is no anatomic counterpart with coiling because coils fill aneurysm spaces and do not bring walls close together.
Simple classification schemes with fewer grades claim to prevent the agony of choice, whereas scales with a higher number of categories aim to be more discriminative. It is intuitive and has been observed that the chance of agreement increases as the number of observer responses is decreased. 46 Confirming this idea, Cloft et al 10 found that observer variability is substantially lower in scales that offer fewer observer responses. Raymond et al 43 who originally introduced the widely used 4-grade Raymond scale concluded that simple dichotomous judgment should be used as a surrogate outcome in randomized trials.
However, the degree of occlusion after treatment is a continuous variable, and the use of discrete scales and in particular dichotomized scales may fail to discriminate aneurysm conditions that have a higher risk of growth or bleeding. These constraints must be taken into account when using collapsed scales to construe a treatment decision or to evaluate the efficacy of aneurysm coiling in clinical trials. In our analysis, inter-rater reliability was higher in studies using 2-value or 3-value grading scales than in studies with 4-value grading scales. Therefore, the optimal balance between reliability and discrimination seems to be a 3-value grading scale.
Besides the number of rating categories, the type of judgment influences interobserver agreement. There are 2 common types of judgments: the degree of aneurysm occlusion at a particular time (eg, complete, near-complete, and incomplete) and the evolution between 2 examinations, or the stability of aneurysm occlusion (eg, better, same, and worse). Two studies demonstrated that variability was lower if raters had to comment on change. 10, 29 We acknowledge that given the limitations in the literature, it is unclear to what degree training influences scale reliability, and whether more complex scales are truly more predictive of clinical and angiographic behavior.
Study Population Influencing κ Statistics
We found that in studies using DSA, interobserver agreement was significantly better in samples with a higher proportion of completely occluded aneurysms (Figure 3) . A likely explanation is that complete occlusion is a relatively straightforward determination owing to the fact that it does not require any further differentiation on the degree of residual flow. This is similar to what was observed in a study analyzing the uncertainties in the assessment of the modified Rankin Scale inpatients with stroke: if the trial had a higher proportion of patients in the low uncertainty prone grades, ie, if most patients got back to normal (modified Rankin Scale, 0-1) or there was a high proportion of deaths (modified Rankin Scale, 6), the error rate was lower than trials that had mostly intermediate effects on outcome. 47 This issue is likely to extend to intraobserver reliability as well, which in turn may affect the confidence with which core laboratory adjudications should be accepted by the neurointerventional community. Indeed, previous trials have shown a wide variation in complete occlusion rates. In the Cerecyte Coil trial, 26% of the treated aneurysms showed complete occlusion on angiographic follow-up. 48 These rates were 36.6% in the Matrix and Platinum Science Trial and 47% in the HydroCoil Endovascular Aneurysm Occlusion and Packing Study Trial. 49, 50 In contrast, reliability was substantial irrespective of aneurysm composition in studies using ToF-MRA, suggesting that there may be less difficulty to classify the degree of residual flow using this modality.
Digital Subtraction Angiography
Estimating the diagnostic accuracy of DSA is difficult and complex because there is no reference standard, such as histopathologic confirmation. Therefore, reliability is an essential indicator of the potential of the diagnostic examination to be accurate. Rezek et al 30 reported the worst κ value for follow-up DSA (0.12; 95% CI, 0.04-0.20). Specifically, they compared assessments by an independent core laboratory against local operator reads, and found that the core laboratory reported higher rates of unfavorable outcomes. These results should be interpreted with caution. Although they probably reflect a bias toward inflating personal results, they may also reflect an information bias, with the various raters working under different a priori conditions related to blinding. Given the overall rather poor description of the blinding process, statistical analysis of the influence of clinical information or involvement in the treatment on reliability was impossible. However, the suggestion to use core laboratories for objective evaluation of new devices on the basis of angiographic outcomes in future trails seems reasonable. An interesting task, therefore, would be to analyze reliability of DSA and especially MRA in evaluation of occlusion status after treatment in core laboratories.
MR Angiography
Because of the high diagnostic accuracy of MRA in the most recent studies, several authors have proposed the use of MRA as a primary method of follow-up of coil embolized aneurysms. However, the results of the 4 studies conducted with the primary focus on reliability apply only to patients followed by conventional angiography. Thus, the reliability of MRA as a study end point must be considered still unclear.
One potential important source of variability between MRA studies is the use of maximum intensity projection (MIP) or source images. When flow-related artifacts render the analysis of MIP images difficult, the better resolution of axial source images might be helpful in interpreting the MIP images. Cho et al 31 observed that reliability was higher using MIP and source images together (κ=0.89; range, 0.77-1.00) than using MIP images alone (κ=0.60; range, 0.37-0.83).
About the field strength, we found no significant difference in reliability between 1.5 T and 3 T. Recently, volumetric analysis of registered 3D-TOF-MRA follow-up data sets was found to be highly sensitive in the detection of aneurysm recurrences. 51 This approach was significantly more
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reliable than visual inspection. Schonfeld et al 51 suggested that volumetric analysis could be considered as primary imaging end point in future studies of endovascular aneurysm therapy.
Limitations
The major limitations of this systematic review and metaanalysis are the significant heterogeneity of studies within the literature, the lack of randomized controlled trials, and the overall small size of the study populations. Only 8 studies had a sample size of >100 aneurysms. Furthermore, we could not rule out that some publication bias is present in the available literature although its effect is likely to be marginal.
Conclusions
Our systematic review of the reliability of visual aneurysm assessment after coiling reveals significant heterogeneity within the literature about study methodology, statistical analysis, and reporting. Although our meta-analysis yielded a substantial level of reliability among the pooled studies, this result must be viewed with caution given the between-study heterogeneity. The reliability substantially increases with increasing occlusion rate in DSA, but it is independent from occlusion rate in MRA. To finally establish the appropriateness of visual evaluation of aneurysm coiling as a study end point, dedicated reliability studies should be performed using a uniform grading scale applied by trained raters. A 3-level scale seems optimal for balancing reliability and discrimination. In addition, studies should further explore various factors that may influence grading reliability, such as the proportion of completely occluded aneurysms, the effect of training, and the approach to imaging interpretation (eg, rotational versus planar angiography, MIP versus source image MRA images). New methods to increase reliability like volumetric analysis should be explored.
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